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PHOTODISSOCIATION QF CO, AND THE HEAT LIBERATION ASSOCIATED 4%

2 e

WITH IT IN THE UPPER ATMOSPHERES OF MARS AND VENUS

A. V. Dembovskiy, M. N. Iskov, and 0. G. Lisin

Photodissociation of 002 under the effect of ultrgviolet
solar radiation materially affiects the composition and thermal
conditions in the upper atmospheres of Mars and Venus. In
several studies it was found that the predominance of 002 over
much of the thermosphere, when there 1s a high photodissoclatlon
rate and a low rate of association of CO and 0, indicates the
important  role of transport processes ZEFQZ, However, simpli-
fications made in these studies (and especlally, in the esti-
mates of the efficiency of heat liberation) /¥, 7, 8/ point to
the necessity of more exact calculations for constructing a
representative theoreticzl model of the thermosphere..

In this paper the pheotodissociation rate of 002 in the
thermospheres of Mars and Venus is calculated with allowance
for the contributions made by different channels of dissociation
with excitation. In addition, the value of heat liberation
aésociated with photodissocigtion is calculated. Finally, the
intensity of several emissions resulting from photodissociation

with excitation is calculated.

1.  Main Channels of 002 Dissociation

" By absorbing solar ultraviolet photons, 002 molecules
dissociate, and depending on photon energy, various electron
states of the dissoclation products are excited:

k0 O] N

# Numberé in the margin indicate pagination in the foreign text.
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Dissociation channels that are edsentlal for the problem /5
y (3)
max

under study and the corresponding threshold wavelengths

are given in Table 1.

TABLE 1

gﬁiﬁgil Reaction products Aég;(ﬁn)

n‘lax
11 ("O(XZ) + OCP) 2074
| e Coix‘s) + O(0) 1670
o8 CCOENEY) o+ 008 1266
'} s co(s /7) v 0P 1 1oe7
FJ‘ 5. co(e Z} + QU 1007
| s co(d'a;) -+ 0P 955
i coes) + 0P 920
o8, coEesy + o0{9) 20
| e coEes) + oty L

The first three thannels correspond to the formatlon of CO
molecules in the ground electronic state LCO(le‘), and the O
atoms are formed successively 1n the ground state JO( P) and
the excited states O(lD) and o(”s). The energy of these meta-

stable states (Einsteln coefficients Ao(lD ﬁ_3P) = 0.0083 sec_l,

_ -1 - -1
Ao(ls > 1py ~ 1.35 sec , Ao(2s - 3p) T 0.0824 se?' ) can only

. be de-execited:

002 - 0()+hY (n-sek), (2)
O(%5)—=0(0)+4y  (A=wmk), (33
| A= O0(R) A (e mrk), I (5




or else are transformed to heat due to shock de-activation: /6

;’»‘({9 ‘,S’)+M-~§(~’p)+/\/+ E/ | (5)

where M is the de-activating particle. In the thermospheres of
Mars and Venus, de-activation proceeds mainly during collisions
with Cogmmolecules. The ceefficients of shock de—aﬁtivation

_ 5 qeqn—10 3 - 5t 3
are KOClD) 2.1°10 cm”/sec and Ko(ls) 2.5°10 cm” /sec
/9- 117

The state of CO(a3H) formed in channels No. 4 and No. 5 is
also metastable, however its radiation lifetime 1s so short
(TP = 7.5'10-3 sec), so that 1ts energy is virtually entirely
de-excited, yielding a system of Cameron bands. The energy of
the states CO(a13E+, d3ﬂﬁ, &3 £7Y) formed in channels Nos. 5-9
is de-excited during permitted transitions to the state CO(a3H).

Tt should be noted that beginning approximately with the
ionization threshold CO, (A = 899 R), the number jof possible
dissociative channels becomes considerably greater than indi-
cated in Table 1. We will see below that the contribution
made by the shortwave spectral region (A Z 1000 ﬁ) to the ‘u)
unknown functions is small, therefore the restriction to these

channels is wholly acceptable.

2. Formulas for Calculating Photodissociation and Heat Liberation

A quantitative description of these processes can be
carried out as follows /12,13/. The total photodissociation

rate B_ (number of dissociation acts per cublc centimeter

D
per second is composed of the rates of photodissoclation in

the listed channels PéJ) and is expressed by the formula:

e T --;zN ‘
1878 ")»n@ZMfa}ﬁ’a - n/)Jo' 0F X f (6)

J
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where & is altitude, n is 002 concentration, ééj) is the disso-
ciation cross-section in the J-th channel, éD is the total
disscciation cross-sectlon, hv is the energy of absorbed photons
(erg), Aégi is the threshold wavelength for the j-th channel,
F(A, ) is the spectral density of the solar radiation flux
(erg/cmg‘sec'ﬁ) at altitude % assoclated with flux density |

“at the atmospheric boundary Fo A) by the relation;

Fﬁ z) rw(Aﬁ@W’{ é@"“’(i ?”*3)[’ frr f?ﬂ

-

(7)

which is a honsequence of the Bouguer-Lambert-Beer law of
radiation absorption and the fact that n{&) 1s defined by the
barometric formula; here 6(A) is the total cross-section of

Co,, absorption, H is the scale of CO, altitude, H = BT R

2
Mg
is the universal gas constant, T is temperature, M is molecular

weight of 002,
is the Chapman function, that takes into account tThe curvature

g is the acceleration due to gravity; Ch{x, #)

of the atmospheric layers (when x<70°, Ch(y, %) = sec )i

The energy of photons absorbed per cubic centimeter per
second 1s obviously

_______ AN . ‘
Q)= n(e)z:f’ SIEnA] )

8ince not all the energy of the absorbed photons is transformed
into heat, to describe the rate of heat liberation QST (the
heat source in the energy balance equation), let us introduce
the spectral gieffdtcilencizs of heat liberation in the j-th
channel j(h, Z), that is, the fraction of energy of the
absorbed photon transformed into heat in the channel. Thus,

Qgqp can be expressed as: e

A e
{o 0-F 4 Jz) n(sz@(A,%F(ﬁ,z)é’Af 9)



The integrated (with respect to spectrum) efficiency of heat /8
liberation in this channel is defined as
&z ). (10)
T
And the tbtal effleiency of heat llberation at the given alti-
tude is:

N (11)

E(z) Zg (,a)._ Brlz) '

Let us also introduce the dissoclation rate per particle:
@ BE
Z) = 1B
(@) ¥1cl \ (12)
and the specific rate of heat liberation (erg/g’sec)

D o) W) _ _Csr(z)
/‘_”_(2)‘" Pl mrE) ?_\ (13)

where P 18 the density and m 1s the mass of the 002 molecule.

p* ds7
depend on the model basically 1n terms of the total number of

As we will see below, the desired functions P and e
partieles along the photon path N = nHCh(x, %), which enables
us to plot universal functions suitable for use when calculating

atmospheric models.

In order to obtain an expression for €j(x, ZL let us con-
sider that the photon energy can be transformed into heat in
two ways: first, part of the excess photon energy above the
dissociation energy and the exclitation energy is converted into
kinetic energy of the particles formed and then, upocn their
collision with surrounding particles, is converted intc thermal
energy; secondly, the energy of the metastable excilted state
can be transformed into heat upon shock de-activation /12/.



Let us represent the contribution to ¢, by means of the first an

and second pathways by, respectively, 'gj and E§;. Thus,
AT SN P
Obviously, e§ can be expressed in the form /9

) E:‘a-w‘g P(A)“({w#)?jﬁ) ({... )‘Ff?t) s ] ' (15)

'where ED is the energy of) disscciation (ED = 5.45 ev), Ej and
lég; is the threshold energy (Ej = Ep + Wj) and the threshold
wavelength of the photon for the j-th channel, respectively;
Wj is the total energy of the electronic levels of 0 and CO
excited in the j-th channel; ¢ () is the factor of the
reduction in the efficiency of heat liberation due to the
excitation of the vibrational-rotational states of CO upon
dissoclation of CO2 (the energy of these states 1s practically
entirely de-excited, since the comparison of the rate of
spontaneous de-excitation of CO (XlE+, v'jg 0) 1357 and 1ts
rate of vibrational relaxation £I§7-sh0ws that on both Mars
and Venus the relaxation of CO can be neglected all the way
to the mescopause. '

In processes of dissociatlion and de-activation, the species
0 and €0 with kinetic energy to approximately 2 &v are formed,
Some fraction of the energy of fthese partlcles, upon collision
with 002 molecules, can be exXpended in exciting the vibrational-
rotational levels of 002 and can be de-exclted. Thus far there
are no direct experimental data on these processesé however,
available theoretical and exXperimental on the colllslons of
002
with O and CO species having the indicated inkfial energies, of

with other particles /16, 17/ suggest that in the collisions

interest to us, not more than several percent of the initial

energy ls expended in de-exeitation. Therefore in the



following we will assume that all the kinetic energy of the
002 dissociation products is transformed into heat.

- As indicated above, only de-activation of o(1p) ana O(lS)
Y , _
fibukcoz molecules is substantial. Therefore in the case when

the atom 0O E) is formed in the j- th channel, the expression

for E§I can be written as

m' /ﬁrfr'ﬁﬁ I-/-al

(173

) 4‘ "n %f%}

- _ar 4 ),-’) .f

where A o¢lp ~ 3p) is the Einstein coefflcient; Ko(lD) is the .
coefficient of shock de-activation of O(lD) by COo, molecules;
¢O(1D) is the factor that takes into-account the p0551b111ty

of the conversion of part of the excltation-level energy into

, with subsequent™ T

de-excitation. But in the case of the formation in the Jj-th

vibrational degrees of freedom of CO

channel of O(ls) taking into #ccount the predominance of the

transition O S) O(lD), we can wrlte an analogous eXpression

for fII
J

,r'I Wt /
f 'ﬁzﬁ”“”&;“wwm+ﬁwﬁﬂ&1 WW
r+ W) Artisoin ¥ 1) Yett) | (18)
}21) {ﬁgfl .,#b; i",‘fa{t’d”u,‘j‘ﬂc{ y_,kyj'fk‘ﬂ%}ﬁ{zjy_

In the general case, it must be considered hthahetheiecrigrgy

expended»ln thecﬁﬁsoa;amoncﬁrycoz

into heat in the assoclation process in ternary collisions

molecules can be converted

(19)

yielding the heat  liberatlion

[ G= B e, Ao, (20)
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where} the assoeiation coefficient «® 1073 cm6/sec /187,
however estimates show that for the thermospheres of Mars and
Venus QA is many orders of magnitude lower than QST and can
always be neglected.

3. Data Used in Calculations

Let us examine available data and the parameters appearing
yin the formulas for calculation of the desired functions.

3.1, The values of n(g) were calculated from the barc-
metric formula using the given temperature profile and density
of the fixed altitude. The temperature profilile and cut-off
density according to /2_/ (T = 350° K, n (100 km) = 5.8'10l
cm_3) were specified for the Mattian thermosphere 1n the region
#z > 100 km; a temperature close to that of the models ZI91_297
was selected for the lower altitudes. For the thermosph@&é of

1

Venus, the profile n(Z) was calculated from the temperature

profile of the model /21/ (T = 680° K); the cut-off density
' 3
n (130 km) = 1.4°107° em72).

3.2. Fluxes of solar radiation F_(A) were taken from the
data of Hinteregger /227 for A< 1300 % and from the data,of

Ackerman /237 for A > 1300 X, reduced to the orbit of the:
bk

corresponding planet.

3.3. The cross-sections of total abscorption of 002 a(\)
were taken from the data 1in 424, 25/. The contributicn of
scattering without dissociation to the total absorption of
photons is small /26-30/ in the spectral region that is effec-
tively operative at the altitudes of interest to us. Therefore
it can be assumed that if the phofton wavelength is higher than
the ionization threshold, 6D(A) = 6 (A), and if less, then
6D(A)m= 6{(A) - 5u(l), where 5u(l) is the photolonization
cross-section of 002, taken from the data in 43}7. At the same

time, an . oxPenbmentasvasen reported by Inn /32/ in which a



f@h@f@&mis product yield of 0.5 was obtained for the 1400-1670 R
Sbectral region. Inn explained the reduction in the yileld by
the reradiation of photons by nondisscociating 002 molecules.

In the calculation, we will assume a unit contribution of
dissoclative products, however we will verify the effec@ of
the data in /327 contradicting the rest of the experiments on
our results.

3.4, Available experimental data and the ¥%alues adopted
for the relative yields of the photoddssocliation products
f?(k) = ﬁéj)(l)/aD(l) are shown in Fig. 1. Since the measure-
ments do not cover the entire spectral reglon required, a
linear interpolation of the functions fj( ) was made over
several spectral intervals. Fipg. 1 gives the measurement
data with solid lines and with symbols, and the interpola-
tion -- with a dashed line. Variants I aﬂd IT correspend to
the two experimental groups whose data differ for 800 & < A<
<1037 8 = A(3)

max

In the operative region of channel No. 1, 1670-2274 ﬁ,
reradiation can be the only competing process. Since it is
‘inefficlent, it can be assumed that £y / 1670 < A < 2274 ] /
/ /s#c/ 1. The measurements in the 1500-1600 R range and at
the 1lines 1470 and 1236 R 457—397 showed that dissociation
proceeds in channel No. 2 with unit efficiency. By measuring
the intensity of the green line OI( 5577 2) corresponding to
the forbidden transition OQ%S ﬁfED), in an experiment on the
;phoﬁﬂ§815‘of 002 in the 812-1216 & range, Lawrence determined
the yield of f3 of channel No. 3 /33/ with respect to the
measured cross-section of 0(18) formation to the total dlsso-
ciatlon cross-section taken according to /247. In another
experiment /347, Lawrence measured the intensity of thel Cameron
bands excited‘upon dissociation in the 850-1090 ﬁ spectral
interval. The spectrum of this intensity, as it was found,
very c¢losely reproduces the band structure of total absorptiocon,

/13



so that the relative yield of the channels jJ

!

A. [ 5a,puaum

~ of photodissoclation with excitation in various

channels {(the channels are listed in Table 1).
The solid lines and the symbols dencte the ex-
pefimental data, and the dashed linegdenotes

interpolation. ¢ - data in /267, X - data in
/27-30/, O - data in /337, ¢ - /34, A and
- T - /35/.
KEY: A. Varlant I
B. Variant Il
C. (ev)
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Fig. 1. Spectral dependence of relative yields

= 4 with excita-

tion of Cameron bands proved to be nearly a smooth function of
This is an indication of the reliability of thk data in /34/.

A.

for the 800-1090 & interval.

N
—

I =4

10

There is some disparity between the data in 13@7 and in,é§£7.
Therefore we introduce two variants of the distribution of £, {(X)

3

-~

In variant I it 1= assumed that
fj(X) corresponds to the data in i§£7, and ., =

fj(k);



in the second variant, f, is taken according fo the data in /3375

cand T fj(h) = l—f3(k). Tt should be noted that the analysis
Izh Y
made in /33/ of the long-lived state O(ls) is a complicated

problem compared with /34/, and the scatter of the resulting
data proves to be guite appreciable. Therefore we assume

variant I of fj(A) Lo be more reliable.

The contribution made by the different channels to the sum
. Zu fj(A) can be distinguished, based on the data in /357, in
%ﬁ?ch the agbsolute excitation eross-sections of the cascade
transitions of CO (a', 4, e > ad o K12+) were determined.
These cross-sections were measuredawith respect to the fluo-
rescent spectrum induced in the photolysiss of 002 at individual
lines from 764 to 923 ﬁ. The erocss-sections measured at 901
and 923 2 are understated, because the detector of fluorescent
radiation had a limited spectral sensitivity. If we can take
into account the results of /36/ (see below, subsection 3.5)
and make the approprilate correction, i1t turns out that at 923 R
the excitation cross-sections of the Asundl bands 5(al32+-+ a3H)
and the triplet system 66(d3a.£fllegiblg7-+ aBH) in the sum are
equal to the total execitation cross-section of the Cameron bands /14
_E.é 53 measured in /347. Thus, for variant I the contribution
%E?the direct dissoclative excitatlon of the Cameron bands, that
is, channel No. 4, can be neglected: f& (923 8) = 0. However,
for vavlant II,.when A = 923 8, the measured cross-sections
63, 65, and 66 in the sum proved to be less than the total
absorption eross-section. The difference can be attributed
to channel No. 4 (channel No. 7 in this_wavemength was not

recorded /357).

The ecross-sections at A = 901 X for both variants of . (i)
indicate that other channels with cascade transitions, whic%
were identified with channel No. 7, must alsc make a contribution
to the total exciltation of Cameron bands, in addition to channels
No. 5 and No. 6.

11



According to /35/, in the 764-835 3 region, the yield of
the channels with excitatfon of fluorescent transitions CO (a',
az, e - aBII—y hlzﬁ) represents more than 8% percent with
respect to all the dissociative channeis. This means that we
can neglect all the unrecorded dissociation channels, for
example, with the formation of CO (AlH), 0(38, 55), and so on.
When A< 900 B, we will assume that dissociation proceeds either
via channel No. 3 (according to the data in /337 or /347), or
with the formation of CO in the state e32-, and with formation
of 0 —— in the electronically-excited state with the highest
possible energy, that is, in channel No. 7 at A > 809 &, No. 8 —-
—— at 707 < A < 809 8, and channel No. 9 -- at A < 707 8. The
short-wave cutoff of this spectral interval, 580 ﬁ, was
selected on the condition that the dissociative mechanism of
photoabsorption is of low probability (the yield of ionization
at 580 & is in 98-100 percent).

3.5. Let us estimate the role of@vibrationﬁl‘exé%tation
‘of €0 during the photodissociation of CO
of the factor ¢j(h) in Eq. (15).

59 that is, the value

Direct information on the distribution of the probabilities
of excitation of the vibrational levels of CO during the
dissociation of CO2 is available only for fluorescent channels
(J > 5) /36/ and also for channels with excltation of Cameron
bands (j > 4) /34/. 1In /36/, the measurements were conducted
at A = 901 and 923 ﬁ. It turned ocut that the probability of
excitation of the v'-th vibrational channel of the states CO
(a‘32+) and CO (daAi) is quite closely described by the Polsson
distribution: '

(AE)‘W (?_AE
K7 ? ‘. (21)

where v' is the vibrational quantum number, and L is-an 5

emplrical parameter, equal to approximately (hv-Ej)/2(hu)vib

12
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((hldvib is the energy of the vibrational gquantum). For the
distribution (21), in this case the total amount of vibrational
energy of CO formed upon the disscciation of CO2 is half the
excess energy of the photen. Therefore the fiactor of ¢ (A) for
channels j = 5 and § = 6 at A = 901 and 923 8 is 1/2.

The distribution of the intengity of Cameron bands measured
in /347 can be used for estimating ¢u(h) from the threshold of
channel No. 4 to the next thresheld {(channel Nec. 5) in order
to cancel out the effect of cascade transitions. At wavelength
A= 1026 3, the excess energy of the photon represents 3.3
vibrational quanta of CO (a3H), and the measured distribution
is best approximated by the Poisson curve with AE = D0.75.

Therefore, for A =,1026 %, for 9 , (1026 8y =11 0.75/3.3 = 0.77.

The report /37/ pregents data on the rates of velocities of
002 photodissociation products obtalned by using a time-of-
flight mass spectrometer. In the 1090-1160 2 spectral region,
fthe maximum signal was obtained from particles exhibiting a
velocity which corresponded}to the transformation in each
dissociatlion act of 0.5 ev into kinetic energy. Dissociation
at these wavelengths, according to /337 must occur in channel
No. 3 with .an 1%i.6 ev threshold. If the residue of residual
photon energy is attributed to the excltation of the internal
degrees of freedom of CO, then we can get ¢3(1050 - 1160 ®)

= 0.55 &« 0.77.

Inca @tmdyépfoth@3photolysié Qﬂ/bog with a pulsed method in
the 1300-1900 2 region 115, 3§7, CO meolecules were recorded in
the vibrational-excited states v' = 1 and 2. The intensity of

the transitions in the absorption spectrum for fthese levels
proved to be approximately ten times less than for the level
/symbol omitted/ = 0. Since the energy of the recorded
vibrations is approximately one order of magnitude less than

the excess énergy of the absorbed photons, it can be assumed

™~
j—
[SA
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KEY: A. Variant I of fj(A)

B. Variant II of fj(P\)

C. Only for absorption in line A,

D.

Py (cm_3'sec—l)

that the value ¢2(A) averaged over the 1300-1500 2 interval
ls close to unity.

Thus, we see that the amount of information on ¢j(h) is
appreciably less than, for example, on f,{(A). Nonetheless,
these data indicate that the actual values of ¢j(KJ for all
channels lies in the range 1/2 £o 1. We will take as the
most probable distribution of ¢3 the values constant for each
channel, presented in Table,2, which are based on an analysis
made of the data in /34, 36+-38/. We willl also consider the

two limiting cases with ¢j = 1/2 and ¢j = 1 for all channels.

~~

14



TABLE 2

r,.;g.,‘_.‘;'

Channel | —s; ey 5
number | F12.12 14151 sl 7l el7el
¥ | it |owesjo.rel 2.5 0.5 6.5] 0,5] 0.4
Reference @@ @ﬂ @g @@ B@ I I

3.6, We note the following concerning the possible con-
version of some of the energy of O(lD) upon de=sactivation of
002 molecules into vibrational degrees of freedom of 002 {the
factor wo( D) 1n Eas. (17) and (18)). The process of de-
activation of 0O D) + CO - O P) + 002 ocecurs with a large
cross- sect10n,&approx1mately coinciding with the gas-kinetic
cross-section /10/. The higher efficienty indlcates the
chémical nature of the interactlon, wilith the formation of an
intermediate complex CO%. ‘Proces%es of this type are charac-
terized by a low efficiency of the conversicn of energy from
the electronlc form to the vibrational /39/. (We note that
for the terrestrial thermosphere, de-activation of O(lD) +
+ N2-4 O(3P) + N2
caleulation, nearly wilithout the excitaticn of the wvilbrations
N, /B07.) Therefore in the calculations we will assume ¥ =
for both 0O D) and 0( S) (de—activation of 0Of S) in the thermo-

sphere is of low efficiency, and the exact value of the energy

oceurs, is shown by guantum-mechanical

transfer characteristics in this process is minor).

4. Results of Calculations and Their Discussion

Let us examine the resulks of calculating the rate of
photodissociation, the heat liberation asscciated with it, and

several emissions arising due to dissoeciation.

The calculations were made on a computer for Mars in the
altitude range 70-300 km and for Venus in the altitude range
'100-300 km for several zenithal angles of the Sun: x = /value
not given/, 50, and 75°
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The spectral range 580-2274 ﬁ was involved. Owing toc the
complex functions §(A), to approximate it 230 intervals were
taken, whose width varied from approximately 1 to 10 2. wWithin
the limits of each interval, the function 6(A) is noted to be
linear. To find the effect of the structure of cross-sections
on the results of caleculations, a trial smoothing of §(\) was
carried out, that ié, avéraging ower an intervalrof several
angstroms about each point of A. The changes in the results
“ gilven below do not exceed several percent for all the altitudes.
This appears to be a conseguence of the fact that we are dealing

with characteristics that are integrated over the spectrum.

4.1. The altitude profiles of the photodissociation rate
in the thermesphere of Mars in each channel Péj)(z) and the
total rate of dissoelation ED(Z) for the zenithal angles X = 0 ¥
and 75° are presented in Fig. 2. The profiles are indicated
for the first variant of the distribution of fj(h) (more
reliable) and for the second variant. Clearly, throughout
the range of altitudes considered PD(Z) increases with decrease .
in agltistude (from the calculations given in éﬁl? it follows that °
this trend of PD(Z) continues down to the surface of Mars).
The contribution made by channel No. 1 to the total dissociation [
is predominant at altitudes less than approximately 75-80 km;
from these altitudes to the éltitudes of 135-155 ¥m (depending
on the x, the larger altitudes correspond to larger x ), the
contribution made by channel No. 2 predominates, and at greater
altitudes == the contribution made by channel No. 3. The maxi-
mum dissociation in channel No. 2 lies at the‘altitude of /19
80-90 km. The disscciation profile in channel No. 3 has two
maxima, where the upper maximum,‘athl20—luo km, arises due to
absorption of photons with A s 1150 ﬁ, where the 002 dissociation
%%-16 cmz), and the
second maximum, approximately at 80 km, arises mainly due to

cross-sections are very large (up to 6D ~

abhsorption of the intehs% Lyman-alpha solar line of hydrogen
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(1216 R), for which 6 = 8*107 20 om® {the crosses denodte

(3)(3) only due to Lyman -alpha).

The indeterminacy with respect to Pég) due to the dif-
ference between the variants I and IT of the distribution of
f3(k) becomes marked only above 110 km and is not more than 15
percérit. The difference between variants I and II is much
greater for the dissociation rate in channels jJ > 4: the

total rate I PéJ) for variant I is one and a half times less
J=4 iy
than for variant II. The absolute value of the rate I PéJ)(g)
J =4
has a maximum at the altitude 130-150 km; at this altitude
their contribution to the total disscciation rate for the

first variant fj(h) is 25 percent.

The photodissociation rates in different channels in the
thermosphere of Venus have approximately the same gltitude

profiles.

4,2, PFig. 3 gives the values of €¢(N) for different zenithal
angles alsc for both planets::iMars and Venus. [The calculations
were made for the variant I of fj(K) and for és based on Table
2. The scale of N is gilven at the right; also presented are
the altitude scales for the adopted models of the Martian and
\Véhmﬁiahfthermospheres for x= OO. We see thal the calculateﬂ3
points €(N) for the different models lie in the same universai
curve over practically the entire thermosphere, with the

~
na
(=]

exception of the reglon near the exobase. In this region de-

|

activation of O(lD) owing to the low atmospheric density is
replaced by de-excitatioh, therefore the spectral efficlency
€ depends not only on the number of particles in the column
N, but also on the local concentration n(z).

The maximum of € = 0.35 lies in the lower thermosphere for
N 3'1017 = 1019 cmgg. The decrease in 6 for larger N is
associated with the fact that at the lower altitudes photons
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with low eXcess energy occurﬁ(and in this region photoabsorption
takes place due to the long-wave spectral region where the cross-
section of 002
middle and upper thermosphere, ¢ decreases and becomes approxi-

mately constant ( ~ 0.23) at N = lO15 cm—2, which corresponds

decreases monotonely with wavelength). In the

to an altitude of approximately 200 km for all models. At this
level there is an inflection in the profile € (N) associlated
with the contribution made by de-excitation of O(lD).

The function ¢(N) is accounted for by the redistribution

over éltitude of the contributlon made by different channels
£o heat liberation. 'This can be seen from the altitude profiles
of gj(N) shown in Flg. 3 for the Martian model when €= 0°.
The mean role 1n the thermosphere is played by channels No. 2 7 .
and No. 3. Channel No. 1 becomes appreclable only near the
mesopause. The total contribution of channels with j = b %o

€ (N) is less than 2 percent in the maximum, which greatly
reduces the effect of the indeterminécy in fj(l) for the short-
wave range on the value of €. The altitude profiles €j(N) for
the other zenithal angles and for the Venusian'thermosphere
differ from those presented, as follows from the profile of

¢(N) only in the region above /illegible/ km.

4,8, Altitude profiles of the rate of energy absorption /21
during photodisscociation QS(Z) for x = 0° and the rate of heat
liberation QST(Z) for x = 0.50 and 75° are shown in Fig. 4 for
the thermosphere of Mars (variant I of fj(k), ¢j based on
Table 2). Here also is presented, for comparison, the profile
of the rate of energy absorption during photo-lonization Qg
for x = 0° (calculated analogously to Qg, but with a smaller
energy resoliution: in the 30-902 2 range, F_(A), 6 (A), and
the ionization cross-sections 6u(l) were averaged over ten
spectral intervals). A comparison of QS and Qg shows that in

the upper thermosphere, beginning with the altitude of 130 km

18



Qg eXceeded Q by 2-2.5 times; at the altitude of 115 km, their
values are comparable at lower altitudes Q very rapidly drops
off, while Q continues to rlse}

Qg reaches a maximum at 70-80 km, where here for X = 0°
3 2

QST = 10"6 erg/cm-"sec, and for Xx = 75° QST = 210 -7 erg/em” *sec.
The altitude profiles of energy absorption qS(Z) and heat
liveration per unit mass qST(Z) in the thermosphere of Mars
for }x = 0° are shown in Pig. 5. The heavy line denotes the
most probable profile of qu(Z) (variant I of fj(h), and ¢j
according to Table ). Clearly, while @S at the altitudes of
200 km and higher remains constant (~105 erg/g sec), the value
of dgm reaches a maximum at 170-200 km (2'101l erg/g " sec) and
then begins to decrease with increase in altitude owlng to the

de-excitation of O(lb).

In the same figure 1t can be seen the indeterminacies that
are caused by the various assumptions. For varilant I of f (R)
and the limit#éng values of the factor of éJ = 1/2 and ¢
the profiles of qST(Z) differ from qST(Z) in the upper thermo-
sphere (up to 200 km) by not more than * 13 percent. In the
lower thermosphere, the profile of qu(g) colineides with the
profile for 'éj = 1 and differ from the profile for ?j =1/2
by + 20 percent.

The indeterminacy due to f (A) is less than due to ¢
It is /absent ‘at thé, lower altltudes, while it does not exceed
10 percent at the higher altiftudes.

" In Fig 5,'circles dencte the values of qST(Z) caleulated
by using the data in /267 on the decrease in the quantum yield
of the photodissociation products of CO2 in the spectral region

of channel No. 2. In the remaining region of théfégectrum, the

variant I of fj(k) was adopted, and qj was taken according to
Table 2. The value of qST(Z) at the altitude of 100 km proved
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to be- legs than Qgm> by 25 percent. The difference 1s appreciable,
but still before confirmation of the results of the experiment

in i§§7, the difference must be approached cautiously.

We note that all these indeferminacles must lead to the
same errors also in the cdlculation of QST and € , Therefore
the analysis made, as well as the small contribution to heat
liberation of shortwave channels, suggest the conclusion that
the assumptions that we made in consbructing the mest prebable
distribution of fj(h) and ¢j (1inear approximation of fjgi%
constancy of ?j for each channel, restriction of the number of
channeéls, and cutoff on the short-wavelength slide) are
admissible. If we cancel out the errors assoclated with the
model by converting to the universal dependences cn N, then
only the errors assocliated with the indeterminacies in the

cross—-sections of 6(A) and in the flux Ew(k) remain the most

™~
o

substantial for the calculation of the desired gquantities.
Here, it should be noted that the most exact of all the fune-
tions obtained is €{(N), since the arbitrary cofactor in front
of F_(A) does not change the value of ¢(N). For this reason,
€ (N) depends weakly on solar activity.

4.4, The universal functions agp(N), PLON), and Qu,(N/P ()
are shown in Fig. 6. The scales of the values of PD and QST

for Mars are shifted to the right relative to the scales for
Venus, by the dilution factor {35/39)2 = 4,45, The calculation
was based on variant I of fj(A) and ﬁj taken according to Table
2, the model used was that of the Martlian thermosphere, and

x = 0° (the other models yield differing values only when

Z > 200 km).

The presence of two ranges 1s a common feature of the
funetions PD(N) ang7QST£g) shown in the figure: the upper
limit, when N =< 10 cm {that is, % = 115 km on Mars and
'Z » 140 km on Venus), and the other, the lower limit, when
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Fig. 3. Dependence of effectiveness of heat
liveration ¢ and efficiencies of heat liber-
ation in individual channels Ej on the num-

ber of molegules in the photon paths N and
on the altitude on Mars and on Vehus.
KEY: A, Legend o
B. N {(molecule/cm™)
C. Z {km) x = 0° for &
D. Z (km)fx = 00 for Q

N':51017 cm_g, in each of which the slow change of fthese func-
tions of N in the upper part of the range characteristic of an
opﬁically thin layer is replabed by the rapid change in the
lower part of the range. This 1s associated with the absorp-
tion of various spectral intervals at different altitudes as

a3 funetion of 6 (A). This characteristic is suitable for

approximation of these functions.
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Fig. 4. ©Dependence of bulk absorptlon of
energy Q dueyto photodissociation, QS due

to photo lonization, and rate of heat
liberation QST on altitude for Mars.

KEY: A. Z (km) 3

B. Q (erg/cm”'sec)

A comparison of our values Péj) with the data in if;7 shows
that the rate of photodissociation in several channels, according
to our calculatleons, is approximately twice ad§ high as according
to ii;7. Obviously, this is accounted for by the reductlon,

by twofold, in /I 7/ of the flux F (AT

~
no
=

The quantity QST/PD shewn in Fig. 6 characterizes the

|

amount of energy which on the average is given off as heat as
the result of a single acté of disscociation. If is found that
in most of the thermosphere, with the exception of % = 200 km,
each photodissociation act leads to the release of about 3 ev

of heat.
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Pig. 5. Dependenée of sp001f1c absorption
of energy Q and rate of heat liberation

Qg
angle
KEY:

4.5. The

on altitude for Mars at the zenithal

x = 0°, ¢

A. 2 (km) B

B. Variant I of f (A), 6j based on B
Tabde 2,

C.

Variant I of fj(k) 6j = 1/2 or 1

D. Variant II of f (A), 6. =-1/2
or 1 %
E. /26/, Variant I of £5 (1), 5y

hased on Table 2
F. Qg (erg/g-sec)

calculation made of the photodissociation rate

makes 1t possible to obtain the intensity of the emissions

induced thereby. The following emissions were calculated:

o(ls —>1D), A=

5577 &5 o(*s »3p), A = 2972 %; ana o(*p = 3p),
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A = 6300 %. The formulas
for calculating the bulk . :
radiance (in units of
photon/cmg‘sec) ars of

the form

T

[ﬂa(,f«.’e*ﬁ oty fﬂ/f Aot }/( (22)

1+K q’;o)lfﬁg@-.ﬁ))ﬁ(?.g?z) = P /{2 4;

+ Mof:aﬁrffa&myﬂ’agm) j\

Here we do not take into
accocunt the formation of
excited O in channels No. 8
and No. 9, which cannot
lead to an appreciable

error. woince in the

T. . upper atmosphere des
=~ f L . 5
GurlpeticecdCope 10°gngQ | activation of CO (a T
R grndr is not efficlent, the

T N ' ' B ' bulk radiance of emission
Fig. 6. Dependence of rate of photo-

dissociation per particle P, specific in the Cameroen bands |
rate of heat liberation QST’ and mean ©Obviously is equal to the
energy per actlve photodissociation sum I PDJ of the
QST/PD on number of molecules in photon =4

photodlssociation rate

path N and on the altitude on Mars and _
Venus 20 over all channels, leading
KEY: A. lg N (cm1 )

B. (sec )# ; . o QST(erg'g—l‘sec_l)

C. For g T P (ev)

D. For @ Ho  Qgqp/Pp (ev

E. % (km), x = 0J for 0 I. For

F. % (km), X = 0~ for Q@ J. TFor O
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Flg 7 Bulk radiance R and llmblc 1nten81ty

‘4nI for the emisslons OI (2972 2. and 0I
(5577 A) calculated for the Martian thermo-
sphere (variant I of fj(h), X = 0°). The

zolld lines denote R, the dashed lines
denotes U4wl, + denotes the experimental data
of measurements of 4nI for 0T (2972 R) /I37.
KEY: A. R (cm=3-sec—1) )

3.

by direct or cascade transitions to the formation of CO (a
This value is shown in Fig. 2. Pig. 7 gives R (5577) and

R (2972)&) for the Martian thermosphere, X = OO, variant I

of f (A). Since the de-activation of O(lS) is notilceable

only near the mesopause, in most of the thermosphere R (5577 3)
to a preclision of the constant factor 0. 94 coineildes with P(B)
the mission OI (2972 R) 1s 16.Y4 times weaker /F27. As noted
above, the de-excltation of O(lD) begins only at Z = 200 km,
therefore R (6300 8) all the way up to this level proves to3

be very small, increasing slowly from tenths of a photon/cm~ *sec
at low altitudes to several units -- at higher altitude. '
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Let us compare our calculated data for emissionsg with the
experimental measurements of the UV-glow of the upper Mahtian
atmosphere made on the Mariner 6 and 7 spacecraft /U3/. Among
fhe measured emissions, OI 92972 ﬁ) was recorded. For compari-~
son with the experiment, we must cconvert from the bulk radiance
R to the limbic intensity of emission, which is directly
measured by

] ’_I Ris)ds ’ (23)

Integration here is carried out along the line of sight.
Fig. 7 gives R and 4 I for OI (2972 R) and 0I (5577 &) calcu-
lated for the Martian thermosphere, for x = 0°. Here also are
presented the experimentally measured limbic intensities 0OI
(2972 3) (conditions of measurements corresponding to the
zenithal angles from 0 to 44°y. We see that the profiles of
0I 92972 3) in the thermosphere have a characteristic knee
assoclated with the upper maximum of the rate of formatiom of
O(lS) (see curve Pég)(Z) in Fig. 2. The lower maximum must
ledd to a knee in the profile now in the region of the meso-
sphere (possibly owing to greater density it will be masked
by Rayleigh scattering). The intensity of the altitudes
100-120 km proved to be 10 kR. Since the intensity at the
altitude 120 km measured on Mariner 6 and 7 was 21 kR, there
must be an additional emission source. This cannot be photo-
electronic excitation, since according to £§£7, photoelectrons
make a contribution to the emission 0I (2972 ﬁ) that 1s one
order smaller than photodisscociaticn. The disscelative recom-
bination of Tthe ions COZ or O; with exeitation of O(;S) can

be this source.

5. Summary
Photodissociation in the thermospheres of Mars and Venus

occurs in several channels of didsociation with excitation, whose

relative role varies with change in altituds.
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The total photodissociation rate PD and the associated heat
liberation QST’ with decrease in altitude, increases all the
way to the mesosphere. In the lower part of the thermosphere
heat liberation due to photodissociation is greater than due
to photo-ionization, and less —-- in the upper thermosphere.

The efficiency of heat llberation ¢(Z) varles from a
maximum of 0.35 in the lower thermosphere to 0.23 in the upper
thermosphere {(approximately at 200 km), and even less, near the

exobase,

The universal characteristics PD(N), qST(N), and €{(N)
obtained do not depend on the adopted model and the zenithal
angle of the Sun throughout the entire thermosphere, with the

exception of the region around the exobase.

Addendum: It.is experimentally shown in /B5/ that in the de-
activation of the level O(MD) by CO and N, molecules, 30-40
percent of the energy is converted into vibrational degrees of
freedom. Possibly, the same also occurs in COE’ after which
this fraction of the energy is de-exclted. To take into account
this indeterminacy, in addition to calculatlons with ¢O(1D) =1,
calculations were conducted with ¢O(1D) = 0.6. As a result of
these calculations, ¢ and Qg were reduced by approximately

20 percent. The results for € are shown in Fig. 3 by crosses
and in Fig. 6 -- by a dashed line for qg;, and by a dash-dot
line for QST/PD'
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